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As a result of statistically analytical study
of the liquefaction in silty sands with liquefied and non-liquefied case histories, the
following equation for a critical value of p 8
was achieved;

Discussion by Wang Zhong-qi
Deputy Chief Engineer, Academy of
Building Research of China on
Site Analysis for Seismic Soil
Liquefaction Potential by James
B. Forrest, John M. Ferritto, and
George Wu.

p so = 70.2- 4.51 M0

Mr.Forrest et al have presented very interesting data showing that field sounding techniques of various kind indicated that a recently deposited silty sand layer having a liquefaction resistance apProximately one half that
baaed on cyclic triaxial testing. By my
opinion, this is due to the fact that silty
sand has double behaviour of both granular
material and cohesive one, thus its resistance
to liquefaction depends mainly upon its shear
strength and percentage of clay particles
which affect the activity of soil skeleton.
In view of the confusion in using criteria for
liquefaction assessment, and in the light of
the particular behaviour of the silty sands,
lots of research works have been undertaken in
China. A new approach (1) by using the electrical static cone penetrometer which was
developed and propagated in our country early
from 1964 (2) provides fairly good results in
liquefaction prediction for silty sand with
particular interest in Tienjing district.
The Chinese static cone penetrometers were
made up with some special techniques to ensure
highest sensitivity in transducing mechanical
forces from either the cone point or the
sleeve of the cone, meanwhile it has reliable
watertightness without 0-ring seal in order to
avoid frictional error. The most commonly
used probe is a so called single-bridge sonde
which has been defined by a designation p s
called the specific penetration resistance.
(Fig. 1)
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Fig. 1
Schematic
set-up of one
of the Chinese
electrical
static penetrometers single bridge
sonde.

(1)

Where p so is the critical value of liquefacfor ps; M0 is the fraction in percentage of
clay particles. When the measured Ps< Pso,
soil is likely to liquefy; otherwise, unlikely
to liquefy. This assessment is effective for
a future earthquake of 8th grade of the
Chinese Intensity Scale (approx. to MMS).
Taking the overburden pressure and ground
water table into account, the criteria for
prediction liquefaction in silty sand layers
situated in seismic zone of 8th grade of the
Chinese Intensity Scale is as follows;

z = ps

+ 117.2K - 1.318d s + 4.316d_
..
- 72.27
(2)

where, K - ratio of clay particles to silt
particles (M /M ); d - embedded depth of
c
s
s
silty sand layer to be studied; dw- depth of
ground water; when Z > 0, no liquefaction is
likely to occur, Z :s; 0, liquefaction is likely
to occur.
I suppose, this new approach in China would
help in dealing with liquefaction problems in
silty sand layer.

REFERENCES
(1) Han Shou-shan: Prediction of Liquefaction
of Silty Sanda in Tienjing Urban District
"Gong Cheng Kan Cha" No.1, 1981
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Discussion by Wang Zhong-qi,
Deputy Chief Engineer, Academy
of Building Research of China on
"Field Correlation of Soil
Liquefaction with SPT and
Grain Size by K. Tokirnatsu and
Y. Yoshimi.

Although numerous propositions have been
presented to such an end so far (3), I am
still convinced by the idea that the principal
improvement of SPT should be laid with emphasis
on the performance of SPT.

Mr.!okLmatsu and Mr.YoshLmi have made a
successful comparison between the two methods
for field prediction of soil liquefaction by
Dr.Seed and Iwaaaki-Tatsuoka respectively.
They pointed out that the Seed method tends to
underestimate the resistance to liquefaction
for small N-values particularly for silty
sands; whereas the Iwasaki-Tatsuoka method
tends to underest~tes the resistance to
liquefaction for large N-values. I fully
agree with the author's viewpoints because I
have had sLmilar experience in China.

There are a great deal of sources of errors
which may alter N-value of SPT. Those due to
inadequate manipulation or unsatisfactory
performance of the testing equipment other
than that caused by non-standardized specifications are pointed out in the following
("+"means causing incorrect increase of
N-value t "-" means erroneous decrease of
N-value).

(1) Inadequate cleaning of the borehole. Lots
of slud~e may be trapped into the sampler
spoon. ( +)
(2) When using casing, driving sampler spoon

within the bottom of the casing.
("+" for sand, "-" for cohesive soils)

For last ten years, controversies over SPT
and numerous comments relating its use and
abuse have been seen in many papers. As for
the application in soil liquefaction problems,
the following key points should be put under
consideration.

( 3) When using drilling mud, inadequate

1. !he Correction of N-value with Depth

(4) The loosening of coupling of drill rod

Seed (1) proposed that the measured penetration
resistance N should be corrected to an effective overburden pressure of one ton per square
foot ( Oj' ) based on the results given by
Gibbs and Holtz, i.e.
a;.'
J 1 ~ N(l- 1.251og--o;r>

X

(6) Extreme length of drill rod with the

increase of penetration depth causing
excess absorption of impaction energy. (+)

(8) Excess of overburden pressure combined

with the increase of penetration depth. (+)

(9) Too low of the water head in borehole
causin~ quick sand on the bottom of the
hole.(+)/(-)
(10) Using solid stem auger to produce partial
vacuum on the bottom, and causing failure
of soil. (-)

(12) When using monkey rope-slip winch system
to make a hammer drop, considerable
friction has been exerted to diminish the
driving energy. (+)

X

« "·

X

X
X

•. .,0

(13) When using free fall hammer the clamp of

X

..,.
Fig.l

(5) Buckling of drill rod during driving. (+)

(11) The effect of borehole diameter -- the
larger the diameter the smaller the N
value. (-)

X

•.o.

···~

during continuous hammering. (+)

(7) Not co-axial of connected drill rods. (+)

a:

where
is the corresponding effective overburden pressure in tsf. But, it should be
noted that when penetration goes with increasing depth, more rods and couplings will introduce much more factors affecting N-value. In
general, the absorption of impact energy transmitted through the rod system will cause the
N-value to increase falsely. For such a
correction, N-value should be reduced with a
fraction " " shown in Fig.l ( 2):

u•

consistency (or specific gravity) causing
wall collapse or bottom heaving of borehole. ( +)

the hammer strikes back upward eventually.
(+)/(-)

4

•

"'

,.

D(m)
IW

"•

Depth of Penetration in Meter
versus tL -value

2. Measures to be taken for Eliminating
Accidental Errors

(14) When wash boring following the test,
pumpin~ capacity too high or too low.
(-)/( +)

(15) Borehole inclined as to cause the rod
stick to the hole. (+)
(16) Hammer drop inaccurate in distance due to
manually controlled wire rope system.
(-)/( +)
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(17) !oo thick and too heavy of the rod.
( +)/(-)

(18) No preliminary driving before normal
counting. (-)
(19)

Bi~
( +)

gravel or cobbles imped sampler spoon.

(20) Liquefaction of sand layer directly
overlying above the watertable due to
driving. (-)
The affecting factors listed above arises in
different cases. Some of them (as No.(l),
(2), (3) etc.) are due to improper
performance of the test, and improvements of operation are needed. Some else (as No.(4), {5)
etc.) come from the deficiencies of testing
equipment and could be eliminated by improving
facilities. Besides, there are some original
shortcomings of the SPT (such as No.(6), (8)
eto.), and need some modifications to the
testing data.
In view of the important role played by the
SPT in assessing soil liquefaction potential,
the factors listed above should be normalized
and specified.

REFERENCES
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Discussion by Pedro A. De~lba, A~sist~nt
Professor, Civil Engineer1ng, ?n1vers1ty
of New Hampshire on "Macroscop1c Appr?ach
to soil Liquefaction" by Wang Zhong-q1.

This paper presents extremely interesting f~eld
data on surface manifestations of liquefact1on.
These observations are for the most part from
the Tangshan earthquake of July 28, 1976; this
event, of magnitude 7.8, had its eFicenter within the limits of Tangshan City and produced
liquefaction over an area of remarkable extent:
3000 km 2 exhibited "serious sand blowing" out of
2
a total area of 24,000 km in which sand blows
were observed (Chen, 1979).
The author describes two common manifestations
of excess pore pressure relief following the
liquefaction of a soil layer at depth:
isolated
sand boils and sand-filled cracks. He is
correct in suggesting that geological and topographical factors determine the form of surface
manifestations.
It might be expected that, in a level ground
profile consisting of reasonably uniform cohesionless soil, excess pore water pressure relief would theoretically express itself by a
uniform rise in the groundwater table with
consequent flooding if the original groundwater
level is near the surface. However, it has been
repeatedly observed that, instead, pressure is
relieved through the formation of a multitude of
isolated spouts resulting in fields of sand
volcanoes.
It is the discusser's view that the formation of
sand-filled cracks, on the other hand, is indicative of a cohesive layer overlying the liquefied deposit, concentrating pressure relief along
planes of weakness. This view is supported by
the author's Fig. 3.4 showing surface cracking in
the vicinity of river bends.
This cracking
pattern ("network pattern"), which tends to be
parallel to the axis of symmetry of the bend,
might be interpreted as reflecting the spreading
tendency of the river banks towards the riverbed
as underlying soil layers liquify. This same
phenomenon of extensive bank movement towards the
river has been reported for an earthquake in
Chiapas, Mexico, by Flores-Berrones and Dawson
(1977).
The tortile pattern of cracking shown in Fig.
3.6 of the paper may be a more complex manifestation of the same effect including a tendency
to spread towards old, filled-in, channels discernible in the photograph.
Thus, sites in alluvial plains where liquefactionsusceptible sands are overlain by cohesive soils
may suffer extensive cracking for a considerable
distance away from the river banks.
Structures
sited in such locations may suffer heavy damage
as is shown in the author's Fig. 3.5.
Another problem of particular interest to the
siting of structures which is pointed out in this
paper is that once a site has liquefied, it will
reliquefy repeatedly in shocks of smaller intensity than the original event.

It might be suggested that reliquefaction occurs
in cohesionless soils overlying the primary
liquefied layer which were loosened by the upward
flow of water during the original liquefaction.
This loosening effect is clearly shown in Figs.
1.4 to 1.6 of this paper. These figures also
show that repeated reliquefaction and reconsolidation will bring the material back towards
its original density, but very slowly.
This reliquefaction model may of course be
complicated by reliquefaction of the original
liquefied layer; while it might be argued that,
upon dissipation of excess pore pressure, the
material density will increase, thereby increasing liquefaction resistance, it is disturbing to note that laboratory reliquefaction
tests show that once a sample has liquefied, it
may be reliquefied at lower cyclic stress levels
than originally applied, in spite of being
allowed to reconsolidate (Finn et al, 1970).
Thus reconstruction at a site that has liquefied
should be preceded by careful site improvement
measures if further liquefaction damage is to be
avoided.
REFERENCES
Chen, D. (1979), "Field Phenomena in Meizoseismal
Area of the 1976 Tangshan Earthquake", Proc.
Specialty Session on Earthquake Engineering in
China, 2nd u.s. National Conference on Earthquake Engineering, Stanford, CA.
Finn, W.D.L., P.L. Bransby, D.J. Pickering (1970},
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of the Soil Mechanics and Foundations Division,
ASCE, Vol. 96, SM6, November.
Flores-Berrones, R.J. and A.N. Dawson (1977), "A
Liquefaction Case History, Chiapas, Mexico", Proc.
IX ICSMFE, Tokyo, Japan. Vol. 2.

973

Discussion by Y.P. Vaid
Associate Professor of Civil Engineering,
The University of British Columbia,
Vancouver, Canada, on Undrained Behavior
of Cohesionless Soils under Cyclic and
Transient Loading by M.P. Luong and
J.F. Sidaner.
I would like to make some observations on the
paper by Luong and Sidaner.
In additio~, I sh~ll
illustrate that extremely careful exper1mentat1on
is needed in order to measure soil properties
with confidence. Reliable experimental data is
a prerequisite both in the development of constitutive models of soil behaviour and in analytical
solutions using soil parameters determined from
laboratory tests.
This question of laborato:y
measurement is thus addressed to those contr1butors of this session who make use of the laboratory test data in some form.
The Characteristic Threshold
The concept of characteristic threshold (CT) proposed by Luong and Sidaner is very valuable for
a fundamental understanding of the deformation
response of sand under undrained loading.
Recent
studies of cyclic undrained behaviour of sand at
the University of British Columbia substantially
support Luong and Sidaner's conclusions as to the
CT line being a boundary dividing regions of contractive and dilative responses.
The CT line is
not only independent of the relative density of
sand, as reported by the authors, but was also
found independent of initial consolidation stress
ratio (olc/o3cl and cyclic stress (ody)

which is similar to that reported by Castro
(1975) in monotonic loading tests. Fig. 1 shows
results from a typical cyclic loading undrained
test on isotropically consolidated loose Ottawa
sand. This figure shows that as soon as the
effective stress state of the sample reached the
CT line (point A), contractive flow deformation
occurred, accompanied by a decrease in deviator
stress and a sudden development of large (over
7%) axial strain. This flow deformation stopped
at point B when the sample strained sufficiently
so as to cause dilation with further straining
(section BC on stress path). Further unloadinq
of the shear stress to zero led to the development of a transient state of zero effective
stress (liquefaction). Subsequent loading resulted in the effective stress state to move
along the FL line during increasing shear stresses and development of large porewater pressure
leading to liquefaction on decreasing shear
stresses to zero. Repetition of this phenomena
was found responsible for further development of
strain with cyclic loading.
The undrained behaviour of sand at medium and
dense relative densities was found essentially
similar to that observed by the authors.
In
such cases accelerated rate of strain development occurred only after the stress state had
crossed the CT line.
It is important to note
here that a sudden development of strain due tcflow deformation is a characteristic of loose
sands only.
In dense and medium sand no flow
deformation develops, but the strain increases
steadily with cycles of loading once the stresE
state has crossed the CT line.

level.

However, one major difference we note in contrast to the authors' finding is that for loose
initial densities, contractive deformation can
occur for stress states lying between CT and FL
lines.
For such densities, the arrival of the
effective stress state on the CT line triggers
the onset of a large contractive deforration,
40~-----------------------------------

a-3'c= 200 kPa,

Dr= 34%

CJd/2a-;c= 0.095

(\J

'

0

40

80
<o-j +

Fig. 1.
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Effective Stress Paths for Cyclic Loading Undrained Test on Isotropically
Consolidated Loose Ottawa Sand.
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Reliability of Experimental Data

Improved sample preparation techniques described
previously were used in this study. In figure 2,

a) Uniformity of Laboratory Samples

the cyclic stress ratio Tdy/o~ 0 to cause ±2%
shear strain in 10 cycles is shown as a function
of relative density.
It may be seen that the
liquefaction resistance increases with increasing relative density and very marked so for relative densities in excess of about 70%. For relative densities in excess of about 80% it is almost impossible to develop ±2% shear strain in
10 cycles even under cyclic stress ratios in
excess of 0.40. The numbers in parentheses in
Fig. 2 represent the actual number of cycles (not
10 cycles) to develop ±2% strain in these dense
samples. The vertical asymptotic nature of the
liquefaction resistance curve indicates that
liquefaction is unlikely to occur irrespective
of the level of cyclic stress ratio if sand has
a relative density in excess of about 80%. Such
a conclusion seems apparent from the analysis of
field records of liquefaction by Seed {1976) and
Castro (1975).
In the literature, however, sand
has been characterised as prone to liquefaction
regardless of its relative density. It is felt
that such a conclusion has been drawn from laboratory studies in which the uniformity of samples,
particularly, at higher relative density was not
assured.

Most of our understanding of the fundamental
mechanical behaviour of soils has come from laboratory tests under controlled conditions. The
resistance of saturated granvlar material to
cyclic loading has been one of the areas of such
studies. From these studies it has been found
that the relative density of sand is an important parameter controlling liquefaction resistance
of sand.
In many fundamental studies on liquefaction, sand samples are prepared by sedimentation through water. Higher relative densities
are obtained by vibrating the sample during deposition.
It is felt that extreme care is required to prepare a dense sample of uniform density throughout.
In conventional procedures,
densification of the sample to the desired relative density is generally carried out prior to
levelling of the top surface and seating of the
loading cap. A loose layer of sand tends to form
at the top due partly to levelling action and
partly to seating of the loading cap on the sand
surface. Such a loose layer in an otherwise
dense sample would lower the overall liquefaction
resistance of the sand sample.
In the improved
procedure, the sand is deposited loose and is
not densified until after the loading cap has
been seated on the sand surface and a small seating load is maintained on the cap during vibration. The loading cap thus follows the settlement of the sand surface and assumes a proper
seating, while the entire sample gets uniformly
densified without development of loose zone at
the top.
It is believed that this manner of
densifying the test samples results in the development of full liquefaction resistance of sand
at the prepared average density. Such a conclusion is supported by extensive laboratory tests
in which dramatic increase in resistance to liquefaction was noted if dense samples were prepared by the improved technique.
Fig. 2 shows data on the resistance to liquefaction of normally consolidated Ottawa sand as
obtained in the simple shear apparatus.
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Apparatus flexibility in some cases can contribute significantly to the process of measurement
of soil deformations.
If not properly accounted
for, this can lead to erroneous data base for
development of constitutive relations of soils.
One example of such errors is presented below.

I
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0

b) Accuracy of Measurement

Martin et al (1975), in their discussion of fundamentals of liquefaction have presented a method
of relating volume changes in drained cyclic
loading tests to pore pressure changes in corresponding undrained tests. The equation relating
these quantities at the completion of a loading
cycle is
6u = Er 6 E:vd

!(56)

Ottowa Sand C- 109
y •:!: 2 •;. in 10 cycles

0.40

Fig. 2 also shows data on liquefaction resistance
of the same sand as obtained in the triaxial
apparatus. These results were also obtained by
using similar careful experimental techniques as
used for simple shear results. Again a vertical
asymptotic nature of the liquefaction resistance
curve may be noted corresponding to a relative
density value of about 75%.

20
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Relolive densily, O, •'~

100

Resistance to Liquefaction of Ottawa
Sand Under Triaxial and Simple Shear
Conditions

in which 6~ = increase in residual pore pressure
for the cycle, 6cvd = net volumetric strain increment corresponding to decrease in volume
occuring if load cycle was applied under drained
conditions and Er = tangent modulus of the one
dimensional unloading curve at a point corresponding to the initial vertical effective stress
from where the cycle of loading was initiated.
Martin et al used the NGI apparatus for determining one dimensional rebound characteristic of
crystal silica sand reported in their study. The
NGI apparatus, because of its use of a reinforced
membrane, is a rather flexible apparatus and is
not able to simulate accurately the condition of
one dimensional strain during unloading. Consequently, considerable error can arise in the
measurement of vertical effective stress

cr~

vs
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recoverable volumetric strain Evr relationship
and hence the values of Er, which are simply the
slopes of this relationship. That such would be
the case is illustrated in Fig. 3 by the comparative data on one dimensional rebound characteristics of crystal silica sand using a smooth ring
consolidometer, representing true one dimensional
unloading and the results obtained by the authors
using the NGI device. It may be seen in Fig. 3
that the true one dimensional rebound modulus,
Er over most of the a~ range is about twice that
measured using the NGI apparatus.
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Recoverable Strains During One Dimensional Rebound - Crystal Silical Sand.

Thus the porepressure model proposed by the
authors would be substantially influenced by the
technique of their measurement.
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Discussion by Edward Prost on
"Dilation Rate as a Measure of
Liquefaction of Saturated Granular
Material".
The authors outline a procedure similar to
that outlined by Seed (1971) for prediction of
liquefaction potential in sands. Here, however,
a value termed the dilation angle, v, determined
from pressuremeter tests is the correlating
value.
Volume change characteristics have long
been considered a primary factor for liquefaction
potential. Casagrande has long believed that
dense sands will not liquify due to their strongly dilative behavior upon shearing. Luong and
Sidaner (1980) have postulated the "characteristic
state" approach from which behavior of a soil
can be predicted qualitatively for any type of
shearing, static, or cyclic.
In this paper the authors conclude that for
a given soil the dilation angle is dependent
only upon relative density and confining pressure. These are two major factors affecting
liquefaction potential, however, other factors
of great importance exist.
Of these are stress
history and aging, which may lead to slight or
heavy welding or cementation of grains. These
factors would have little effect on the dilation
angle determined at 10% strain. At the same
time they might tremendously increase the stress
required for liquefaction in the case of loose
sands under low confining pressures.
The SPT has an advantage over the pressuremeter in this case since concretion and welding
will be reflected by increased blow-counts due
to expended energy to overcome these constraints.
However, it is not certain as to whether blowcounts are increased in the same proportion as
liquefaction resistance.
The effects of other factors such as grain
size distribution and drainage of the deposit
are left to engineering judgement in each simplified procedure and should never be neglected.
The use of the pressuremeter in field testing has two primary advantages: (1)
It allows
for accurate measure of fluid pressure rather
than the subjectivity of energy input of the
SPT.
(2)
The values of ¢' and v correlate well
with those obtained from triaxial tests on loose
sands when derived using the methods described
by Hughes, et. al. (1977).
Disadvantages to its use are added expense,
present limited use, and sensitivity to disturbance primarily due to the critical distance of
the cutting tool to the end of the tube which is
a function of the individual soil properties.
This last disadvantage could lead to the same
type of user subjectivity experienced with the
SPT. Another concern may be the difference in
the method of shearing by the pressuremeter from
that of triaxial and simple shear. Theoretical
analysis should be made and tests should be performed on medium to dense sands in which differences would be most pronounced.
From Figure 3 of the original paper dilation
angle is shown also to be a function of the par-

ticular soil. From this graph, an equal dilation
angle in the two sands tested at the same confining pressure would correspond to differences
in relative density of about 10%. This difference
could greatly affect the liquefaction potential
curve, especially at high relative density or
dilation angle where resistance increases
asymototically.
It should be determined from
further testing, the sensitivity of the dilation
angle-relative density relationship to differences in angularity of soil grains, grain size,
and gradation of the sand.
The liquefaction potential data, being derived from SPT results, is subject to any inherent errors in the test itself plus the subjectivity of Gibbs and Holtz (1957) relationship
for relative density. Thus, although, it has
been determined that the pressuremeter is a useful device for determination of liquefaction potential, further data, independent of these
sources must be compiled to show merit of its use
over the commonly used SPT.
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Discussion by Shobha K. Bhatia,
Assistant Professor, Syracuse
university, Syracuse, New York,
on "Liquefaction of Soils"
Needless to say that the pa}'X!rs =esented in this
session (Liquefaction of Soils) were excellent ann thought
-provoking. In adciition to t.he superb state of the art
paper presented by Dr. \J.D. Liarn Finn, a total of twenty
parers wer-r> presented. All these papers orovicied input
to the ul ti.mate cpal of predicting the liquefaction
potential in rrany ways diagrarrrred in Figure 1. If we
superirrpose Figure 2 on Figure 1, we get the statistical

The napers selected and their respective classes011eas
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1.

Field Data from Past Liquefied/Uhliequefied Sites
Paper bv Carrillo Gil, "Comparative study of Soil
Liquefaction Potential during t~e 1970 Peru earthquake".

2.

Iahoratory Testing - Paper by Vaid, Byrne and Huqhes,
"Dilation angle and Liquefaction Potential".

3.

Analytical Meth:lct - Paper by lllong and Sidaner, "Undrained Behaviour of Cohesionless Soil under cyclic
and Transient Loading".

4.

Insitu Testing Method - Paper by Zhoo, "Influence
of Fines on Evaluating Liquefaction of Sand by CPT".

5.

Funciamental Understanding of Liquefaction - Paper by
Hang, "Mechanism of Soil Liquefaction".

Carnillo-Gil reports the results of the analysis of the sandy soil along the cnastal area of Peru to
determine the liquefaction potential under a very intense
earthquake. '!he results innicate that the specific
Chi..rnl:Dte area (a part of a city) presents a dangeronsly
unstable condition due to the high water table position
and lower density of soil.
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breakdown of the papers in every subsection (given in
boxes in Figure 1). SUch a breakdown is noc only critical
for quantitative p.lrp)seS rut is also irnp:)rtant to pinpoint the areas of thrust of the papers presented here.
'!he :r_::apers can 1:e grouped into five general classes
given in Table 1. 'lhe number of papers presented in each
class served the basis of the statistical data presented
in Figure 2. It is not. possible for me to ciiscuss all
the papers here due to time constraints. Therefore, I
have selected feu: discussion ~ paper from each of the
five classes. Perhap~:> I sl'nlld add that the papers
ch:>sen for discussion are not randanly selected. Several
criteria such as li) representation of the field (ii)
solid oontri.butioo (iii) :iJitlact. on future direction have
gooe into the selection.

Tile t:'I.D ITEt.hods of analysis which went into this
study are the ones nroposed by Seed and Idriss (1971)
and Schnabel et. al. (1972) and were proposed to evaluate dynamic shear stresses that cause the liquefaction
of a specific soil. The analysis by Garrillo-Gil indicates that hoth rrethods yield similar results. And,
to evaluate the liquefaction potential the calculated
nynarnic shear stresses were CXl!Tp3Xed with the shear
stress required to cause liquefaction for the specific
soil. en the hasis of his analysis of the soil, the
paper points cut that, in the case of another severe
earthquake, similar to that of the 1970, the Chimbote
area is likely to liquify liDless the ground water table
is lowered.
'lhe paper by Vaid et. al. is interesting and significant in many respects. M:>st importantly, the paper
claims that the liquefaction resistance can 1:e exoressed
in terms of the dilation angle of !!nil. By CO!l1lar-
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ing the dilation angle for soil measured in the field
with the value of the dilation angle measured in
laboratory, an assessment of the possibility of liquefaction can be obtained. '!he paper suggests that self ooring pressuremeter can re used to evaluate the dilation
angle of soil and in a lal:xlratory the dilation angle can
be obtained ~ performing simple shear or triaxial tests.
Thus, from laboratory tests relationships be~en the
cyclic shear stress ratio required to cause liquefaction
and the dilation angle can also be obtained.
The authors also show that liquefaction resistance
can be correlated with the relative density, the corrected dilation angle (corrected for vertical confining
stress) or the corrected blow count, and a chart is presented in terms of three pararreters for Ottawa sand.
Their method is certainly i_r1teresting and deserves to
be substantiated further with !lDre field and laboratory data for other type of soils.
The p:tper ~ I.uong and Sidaner is refreshing and introduces a new concept, "The Characteristic threshhold
State" for cohesionless soil associated with interparticle friction angle. The characteristic state of
cohesionless soil constitutes an important factor for the
IreChanical aspect of the behavior of soil and can be
related to the interlocking capacity of the granular
material. '!he anthors state that liquefaction of saturated soil can occur only under cyclic loading conditions until the "characteristic th...""esl1.'1old state"
is achieved ~ ooil. It is sh:>wn that in the case of undrained anisotrophic loading, the "characteristic threshhold" defines the average !lDbilized friction arqle; effective stress path is stabilized on the C.L line.
These claims are substantiated with the data drawn from
SF sand.
In order to evaluate the liquefaction potential of
sand, Zhou proposes an empirical equation which is based
on static cone penetration results. This empirical
equation is the result of field test data from the Tangshan earthquake area where the soil is primarily a clean
sand with little fine contents. 'l'rle proposed equation
includes the terms of the epicentral distance, depth
of water table, thickness of unliquified cohesive soil
layer and the rrean depth of sand layer concerned.

The equation enables one to abstract a relationship
between critical cone resistance values and the intensity of earthquake. Although, the equation correctly predicted the liquefaction of sites of Haicheng earthquake,
it over credicted the values for the critical CJ?r in the
I.utai-eaithquake area. The reason for such a deviance
is attributed to the different soil characteristics, i.e.
there ~re !lDre fine contents than anticipated for the
soil for which the equation ~as originally proposed. In
sh:>rt, the equation is of great value to predict liquefaction potential. Attempts should be made to extend
its predictive power to account for AOil with large
fine contents.

The raper ~ Wang presents the J:)hysical meaning and
mechanism of soil liquefaction. Liquefaction is viewed
as the transformation of any substance into a liquid. For
cohesionless soil, such a transformation is caused by
seepage pressure, rconotonous and cyclic loading or shearing. Those processes are explained on the basis of stress
evolution. It is concluded in the paper that the state of
stress in saturated cohesionless soil is l:xlunded by a
limit equilibrium condition, and ultir.e.tely, approaches
"hydro-static pressure" durinq the process of liquefactic2l. Also, it is clair!'ed that soil liquefaction cian be
correlated with the fabric characteristics and drainaqe
of the eoil IIBSS. ~leedless to say, it is an interestinq
hypothesis which needs to be supported by further re-

search. The paper also clairrs t-.hat the strain does IlOt
seem to be the proper basis for the definition of soil
liquefaction.
Prom the above discussion, it is clear that the oontrihution of the papers is significant and that the area
of liquefaction is especially benefitted ~ such research.
'Ihe challenging job that remains for future studies is to
examine questions such as:
(1) How can one nerive an optimal benefit from their
topic specific research to develop a unified theory
of liquefaction?
(2) Even, !lDre importantly, is it feasible to develop a
unified theory of liquefaction to effectly utlize
the insights of such topic-specific research?
References
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Discussion by Pedro A. DeAlba,
Assistant Professor, Civil Engineering,
University of New Hampshire on "Potential
for Liquefaction Due to Construction
Blasting" by J.H. Long, E.R. Ries and
A.P. Michalopoulos.

The authors have made a very useful contribution
by presenting this clearly documented case history. The topic of pore pressures generated
by construction blasting is still poorly understood, and prediction techniques are in their
infancy. This is recognized in the paper, where
the authors point out that their prediction
technique considerably underestimates the measured excess pore pressures induced by the test
blasting; i.e. for test number 7, Table II, excess pore pressure measured at piezometer 1
(closest to the blast) is about 1048 psf (50 kPa)
whereas the predicted value would be less than
400 psf or 19 kPa (discusser's calculation).
It is interesting to compare these values with
empirical expressions such as that reported by
Studer and Kok (1980):
1.53 + 0.77 In
2.15 + 0.74 In

w1 13

(lower bound)

1 3
w
1
-R-

(upper bound)

~

For test no. 7, the predicted pore pressure ratio,
6Usd/cr 0 , would be between 0.5 and 1.0. Consequently, the predicted excess pore pressure
would be greater than 2800 Psf (134 kPa) . The
expression reported by Charlie et. al. (1979)
for radius, R
, of the liquefied zone might
also be used:max
-max

=

K

3

w1 13

The asssumption that the longitudinal
strain calculated from particle velocity
considerations is equal to the longitudinal strain in cyclic triaxial and
torsional shear tests. For the case
history presented, it is obvious that
the predicted strains, and consequently,
the predicted pore pressures are too low.

(b)

The stress ratio versus pore pressure
ratio relationship will be affected by
the sample reconstitution technique
used in the laboratory (Mulilis et. al.,
1975)

It might further be suggested that the tests on
which the method is based are essentially cyclic
shear stress tests; Charlie et. al., (1980) have
pointed out the importance of considering the contribution of the compression wave to pore pressure
buildup.
It is the discusser's opinion that, in
the near field of a blast, both shear and compression waves contribute to the resulting volume
change tendency of saturated sands and consequent
pore pressure increase. To the discusser's knowledge liquefaction have not been considered.

REFERENCES

Where 6Usd is the blast-induced residual excess
pore pressure, ao, is the initial effective
stress, W is the explosive weight in kgf and R
is the source distance in m.
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Where the empirical constant K = 5 in this case.
Again, for test number 7, the ~redicted value
of Rmax is somewhat in excess of the piezometer/
source distance, and liquefaction would be predicted.
In making these comparisons, it should
be noted that excess pore water pressures were
measured in open-standpipe type piezometers and
that the maximum response for the piezometer
shown occurred about seven min. after the
blast. The discusser would suggest that, if
these long response times are typical of the
reported values, then these values are probably
lower than the peak residual excess pore pressures
actually induced by the blasting.
It is very
likely that, during the time required for water
to flow into the piezometers, significant pressure dissipation occurred in the source deposit.
Thus the values predicted by Studer and Kok may
be closer to reality.
It is the discusser's opinion that the proposed
method, while undoubtely more attractive than
purely empirical expressions, has two important
sources of uncertainty:
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Discussion by Wang Zhong-qi, Deputy
Chief Engineer, Academy of Building
Research of China on "Analysis for
Liquefaction:
Empirical Approach"
by M.K. Yegian and B.M. Vitelli.

The paper presented by Mr.Yegian et al provides an improved analytical method to evaluate soil liquefaction potential. With an
expanded list of case histories as background,
the authors proposed earlier the Liquefaction
Potential Index (LPI) and the Coefficient of
Variation of LPI (VLPI).
Such an empirical
approach will merit due appreciation.
In relating soil liquefaction case histories
for predicting liquefaction potential, I did
ever hesitate about a logical consideration&
Whether it is valid to measure soil parameters
after an earthquake (including SPT data) on a
liquefied site where no given data available
beforehand and one have to correlate them with
liquefaction behaviour and in turn apply such
correlation for prediction.
The question
arises as whether soil parameters (e.g.
relative density of sand) collected after an
event can represent those of the natural soil
deposit before that event.
In order to make
further evidence on this uncertain problem,
electrical static cone penetration tests were
performed both before and after Tangshan
earthquake 1976 (1).
It is shown by contrast
that for recently deposited silty send and
fine sand layers in level ground, in relative
density once occurred during eHrthquake shock
will tend to recover after the shock.
And
after one year or eo, it will become as it
was under the same overlying pressure, even
though the thickness of the liquefied sand
layer may reduce.
If such an evidence
reflects a general rule in a broader sense,
the question will be answered.
It is hoped
that more practical observations in various
sites will be beneficial as to make further
confirmation on such problem.

RE.PERENCES
(1) Wang Zhong-qi (1981): Macroscopic Approach
to Soil Liquefaction (to be published in
the Proceedings of this Conference).
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Discussion by Pedro A. DeAlba, Assistant
Professor, Civil Engineering, University
of New Hampshire on "Assessment of
Liquefaction Potential Based on Seismic
Energy Dissipation", by R.O. Davis and
J. B. Berrill
The authors present a simple and attractive
argument in favor of directly relating liquefaction potential to the work exerted by the
earthquake on the problem material as measured
by the product of the arriving energy density
times a site dissipation function.
In the proposed method, the site conditions are
characterized by an SPT value normalized to a
standard effective overburden stress and the
earthquake by magnitude and epicentral distance.
Site characterization through a normalized SPT
value, which is considered to reflect the density
and stress history characteristics of the sand
is also the basis of the semi-empirical method'
~roposed.by Seed (1976) and is widely accepted
l.n practl.ce.
It is the discusser's opinion, however, that the
proposed calculation of incident earthquake
energy by assuming isotropic energy radiation
and ignoring path-dependent attenuation effects
does not fit observed earthquake behavior, and
considerably affects the general applicability
of the method.
To illustrate this point the following liquefaction potential calculation based on the
simplified method described by Seed (1976) is
proposed.
Site conditions: Sand with groundwater level at
a depth of 5 ft (1.5m), normalized blowcount,
N , of 11 bpf (corresponding to a relative
1
density Dr = 54% in normally-consolidated,
recently-deposited sand). Consider liquefaction
potential at a depth of 15 ft (4.6m), with
initial effective stress
a ' = 0.59 tsf =
0
56 kPa.
Stresses and acceleration required for liquefaction:
stress ratio, T/a ' = 0.10 for earth0

quake magnitude M = 8.25; T/a ' = 0.16 for
0

magn~tude

M = 6.0. The differences in required
cycll.c stress levels are due to the different
numbers of cycles of motion typical of the two
events considered.
From these stress ratios, and for the site conditions considered, it is possible to backcalculate the approximate maximum ground surface
acceleration levels required to produce the required cyclic stresses:
for M = 8.25, a =
0.105g; for M = 6.0, a = 0.167g.

From.empirical correlations between earthquake
magnl.tude, peak ground acceleration and epicentral distance for the west coast of North
America (i.e. Housn~r, 1965; Page et al. 1972),
~he distances at which such events might occur
l.n order to produce liquefaction at this site
may be calculated. The values proposed by
different researchers vary somewhat but the
ratio of epicential distances, r(M=8.25)/
r(M=6.0) remains on the order of 3 to 4.

From the authors' eqs (3) or (11), however, for
the earthquakes considered it is found that the
epicential distance ratio r (M=8.25)/r(M=6.0) is
about 49 to produce the same energy density at
the site. Thus, by the proposed method, a
magnitude 8.25 earthquake would produce liquefaction for these site conditions at an epicentral distance 49 times greater than the
magnitude 6 event. This is not in agreement
with earthquake behavior.
It may therefore be concluded that pathdependent attenuation of earthquake energy is
critical to correct liquefaction prediction;
this effect must be accounted for in the proposed method before it can be considered a
practical tool.
REFERENCES
Housner, G.W. (1965), "Intensity of Earthquake
Ground Shaking near the Causative Fault", Proc.
Third World Conf. on Earthquake Engineering,
Aukland and Wellington, New Zealand.
Page, R.A., et al., (1972), "Ground Motion Values
for Use in the Seismic Design of the TransAlaska Pipeline System", Geological Survey
Circular 672, U.S. Geological Survey, Washington,
D.C.
Seed, H. Bolton, (1976), "Evaluation of Soil
Liquefaction Effects on Level Ground during
Earthquakes", State-of-the-Art Paper.
Specialty
session on Liquefaction Problems in Geotechnical
Engineering, ASCE Annual Convention, Philadelphia,
PA. Preprint 2752.
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thts C011ierence , have not been performed by
Frtec. However, i t appears that such assessments should include the effects of in situ
pore pressure generation, as indicated by
either Friction Ratio or actual pore pressure
measurements, as well as grain size and
density characteristics .

Discussion by Bruce J. Douglas,
ERTEC Western, Inc ., Long Beach. CA
on "Liquefaction of Soils 11

The use of insitb test methods for assessment
of liquefaction potential of cohesionless soils
is receiving increasing attention from practicing engineers. The traditional method of
assessing liquefaction potential using in situ
test measurements has been through relative
density correlations. Such correlations have
been used, for example, with Standard Penetration Tests (SPT), Cone Penetrometer Tests (CPT)
and, more recently, Pressure Meter Tests (PMT).
For the case of the SPT, direct correlations
also now exist between liquefaction potential
and SPT blowcounts. Use of these correlations
recognizes that other factors besides relative
density affect the liquefaction potential of
sand.
Unfortunately, all of the existing in situ test
methods have difficulties when applied to
evaluation of liquefaction potential of silty
soils.
Relative density determinations do not
apply to such materials, and both the liquefaction potential (high cyclic strain potential)
and the insitu penetration resistance are
affected. As i t is now recognized that silty,
low cohesion s oils with PI values up to about
10 are potentia l ly liquefiable, i t is clear
t hat more research is needed on this subject .
This has been rec ognized in several papers
presented at this conference.
Recent investigations performed by Ertec
using the quasi-static electric cone penetrometer in silty soils have provided interesting
data regarding liquefaction potential o~ such
soils. Soils that develop high pore pressures
during continuous cone penetration typically
have ver y low s ide frictions. These soils,
which plot in zone 1 of the electric CPT-Soil
Beh avior Typ e classification chart shown in
Figure 1, have b een found to comprise silty
sands, sandy silts , and silty or sandy clays
with PI vaclues up to 11. Typically, the soils
have 20 to 30 percent fine sand content with
less than 15 percent clay sizes. The rest of
the material is silt-sized. In addition, the
materials of Zone 1 typically have Liquidity
Indices (LI) close to 1.0.
As part of the above study, samples of these
zone 1 materials, as well as clean sands,
were subjected to cyclic triaxial and cyclic
simple shear tests. The results of these
tests are summarized in Figure 2, where i t
can be seen that the cyclic strength of the
clayey soils lyiog in Zone 1 (such as point 1),
are as low as the clean sand strengths. Higher
cyclic strengths (such as point 2) were
obtained for similarly graded clayey soils of
lower LI value, which were found ~n Zone 2
of Figure 1.
In summary, then, i t appears the CPT measurements can be used to distinguish a range of
soil types (including s i l ty or clayey soils)
susceptible to liquefaction . At this time,
quantitative a s sessments of liquefaction
strength for Zone 1 materials from CPT data,
a s attempted in several papers submitted to
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AUTHOR'S REPLIES
Closure by James B. Forrest, John M. Ferritto,
and George Wu.

The authors thank Mr. Zhong-qi Wang for his
valuable comments regarding the liquefaction
potential of silty sands.
As noted by many
w~rkers, particularly in Japan, the presence of
fl.nes markedly reduces the penetration resistance of sands without a comparable increase in
liquefaction potential. Although the grain size
distributions for the finer fractions of soil
have been omitted in the paper, reexamination of
laboratory results shows total fines contents of
up to 18% for the critical soil zones (see
Figure 10), with a large portion of these in the
clay size range.
Inserting typical values for
the c.lay and silt percentages into Mr. wang's
Equat1~ns 1
or 2, one observes liquefaction
pote~t1als _near the range of borderline liquefact1on fa1lure.
Thus, the cone penetration
predictions of liquefaction are in reasonable
agreement with the cyclic triaxial test data.

Closure by Zhong-qi Wang.

The author wishes to ex11ress his appreciaticn
and agreement to the uiscussor Mr. DeAlba's
comment.

The only thin6 to be adued is that

the effect of reliquefaction on the density of
the liquefied layer itself is still controversial and contradictory from bo~h theoretical
and practical points of view.
It is well
known theoretically that dissipation of excess
pore pressure will result in densifying the
liquefied material.
However, practically
either by site investigation or laboratory
testing, the liquefied layer or sol.l sample
tends to be weakened or even loosened immediatel.y after liquefaction.

By the autllOr' s

opinion, tllis general manifests.tion might be
in most cases due to sudden collapse of soil
skeleton during liquefaction and the soil
particles will rearranGe during pore water
dissipation which has not been considered to
be associated wit.b the liquefaction mechanism
so far.
This is what we e.re searching for
necessary improvement both in tl~eory ancl
engineeriLg practice.

Closure by A. Carrillo-Gil.

The establishment of an unified theory to deter
mine the liquefaction potential of a specific
soil, must consider principally the practical
engineering application of a method, based as
well in the theoretical contributions derived
from the knowledgement of the phenomenon, thr
ough the empirical results obtained from thefield data, as in the observations of the soil
behaviour combined with the practice of simple
field and laboratory tests, but, in any case
with extremely theoretical or sophisticated
speculations which will require complicate tes
ts that do not lead commonly to the obtainingof a real model of the soil behaviour and
which, in most cases represent difficult meth
ods to be applied to the common problems dueto its incoherence and difficult interpretation.
In the paper presented,we reach to the conclu
sion that, the methods based in field observa
tions are well adjusted with a more elaborated
theory, and thus, we conclude thinking that
this must be the way to develope an unified
liquefaction theory in order to approach the
phenomenon prediction to the common practice
of the profession.
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AUTHOR'S REPLY
Closure by M. P. Luong to discussion by Y.P. VAID
The characteristic threshold nc appears to be
independant of initial sand density, degree of
anisotropy, applied stress path in the (p,q)
diagram and thereby of initial consolidation
stress ratio and cyclic stress level.
It divides the permissible stress space into two
regions :
(1) subcharacteristic region corresponding to an
interlocking of grain str~cture or contractancy;
(2) surcharacteristic reglon where disaggregation of granular material or dilantacy occurs.
Thus a closed load cycle in the subcharacteristic
domain exhibits a contracting soil behaviour
illustrated by an irreversible volume contraction (or an irreversible increase of pore water
pressure) whereas a closed load cycle in the
surcharacteristic domain leads to an irreversible volume dilation (or an irreversible decrease
of pore water pressure) .
A very accurate experimental determination of
the characteristic threshold n is readily available under either drained or ~ndrained conditions : nc is revealed by the appearance of a
dilatancy loop (volume change or pore water
pressure) during a load cycle crossing the characteristic line C.L.
Test results of an isotropically consolidated
Ottawa sand reported by the discusser (fig.1)
~eem to s~ow that the effective stress point A
lS not lylng on the characteristic line because
it represents the triggering of the grain structure collapse of loose sand. No volume dilation
occurs after this stress state. Along the segment AB, sand volume is contracting and pore
water pressure is increasing.
The stress path reaches the characteristic
threshold defined by the inversion of pore pressure generation rate u at stress point B. Then
the stress path climbs into the surcharacteristic region bounded by the characteristic line CL
and the failure line FL. After unloading along
the stress path CO, the effective stress path
showsa~~lockwise dilatancy loop. Thus it can be
claimed that Ottawa sand is also consistent with
and strengthens the concept of a characteristic
state.
40

The author thinks that relative density D
useful for monotonic loading test is not r
a significant parameter for the understanding
of the fundamental mechanical behaviour of
cohesionless soils under cyclic loading.
In fact, densification of dense sands may be
obtained easily by cyclic loading at large
amplitude exceeding both triaxial compression
and extension characteristic thresholds. The
high amplitude loading benefits in a partial
loss of strain hardening during the dilating
phase in the surcharacteristic domain which
breaks down the granular interlocking assembly.
On each reload, the tightening mechanism induces new irreversible volumetric strains and
recurs with a renewed material becoming each
time denser.
Several tests results (Luong 1980) under constant confining pressure, constant mean stress
p and constant circular stress in (p,q) diagram
show a rapid stiffening of sand under cycles
of alternating deviatoric stresses on both
sides of q = o. The densification process of
dense sands is associated with a dilatancy loop
at compression and extension characteristic
stress levels. The intermediate part corresponds to an irreversible tightening between two
sequences of granular assembly reinterlocking
which fills up progressively the existing voids.
This experimental result is in agreement with
direct shear tests carried out by Youd (1972)
on Ottawa sand : each shear cycle formed a
similar sequence of contractancy-dilatancy
while an irreversible volumetric strain accumulated during cycles, reaching the relative
density of Dr ~ 128% (ASTM norm D 3049-69) at
the end of 10,000 shear cycles having an amplitude of ± 0.51 mm.
REFERENCES
Luong, M.P. (1980), "Stress-strain aspects of
cohesionless soils under cyclic and transient loading", Proc. of the Inter. Symp.
on Soils under cyclic and transiend loading
Swansea, 7-11 Jan. 1980, U.K.
Youd, T.L. (1972), "Compaction of sands by
repeated shear straining", ASCE 98, SM7,
pp. 709-725, July 1972.

200kPa, Dr= 34%,

(oi-o)l/2 kPa
20

0

20

40
0
Fig.l'

-

40

80

120

160

200

Correct interpretation of the Characteristic State Concept for a loose sand.

985

AUTHOR'S REPLY

Closure by M. P. Luong to discussion by Ed. PROST
The use of SPT as well as pressuremeter in
field testing allows the determination of usef~l in-si~u values of global mechanical propert1es lead1ng to good correlation factors. However obtained results are generally sensitive
to the homogeneity, the degree of anisotropy
the stress history, and so on ..• of the soil
mass.
The characteristic state concept for cohesionless soils offers a rather convenient framework for interpreting different cyclic aspects
of granular soil behaviour :
• Under undrained conditions :
(1) sand liquefaction occurs only when load is
cycled alternately on both sides of zero deviatoric stress and has reached the characteristic
levels. The characteristic friction angle ~
represents the average mobilized angle of igte~
particle friction.
(2) cyclic non-alternated deviatoric stress
tests show a progressive tendency of the stress
state moving toward the characteristic level
~nd stab~lizing there, i.e. cyclic softening
l.S occur1ng.
(3) cyclic hardenning of sandy soils may be
observed when undrained loads are cycled in the
surcharacteristic region bounded by the failure
line FL and the characteristic line CL. It leads
to a stabilization of the granular material on
the characteristic threshold. Irreversible
strains accumulated during undrained loadings
depend on the stress amplitude of cycles.

. Under drained conditions :
(4) adaptation may be considered as obtained
after a finite number of cyclic hydrostatic
loadings.
(S)accommodation appears under radial or
conventional loadings at a stress level n = q/p
smaller than the characteristic threshold nc •
Stress-volume change curves of sandy soils
exhibit a clockwise hysteresis loop after unloading and reloading. This hysteresis susceptibility becomes negligible when the number of
cycles increases.
(6) for n greater than nc, the hysteresis loop
disappears and cyclic loadings cause ratcheting
behaviour. The soil volume increases and reflects the phenomenon of dilatancy of the grain
structure. After unloading, a dilatancy loop is
seen in an anticlockwise direction on any diagram where volume change is plotted. The dilatancy loop is a very practical and useful criterion for the detection of the characteristic
threshold.
R~FERENCES

Luong, M.P. (1981), "Mechanical performance of
granular materials subjected to cyclic and
transient loading", Mechanics of Structured
Media, Proc. Intern. Symp. on the Mechanical
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Closure by H. P. Luong to discussion by S.K. BHATIA
The aim of the characteristic state concept is
to :
(1) grasp the fundamental aspects of the stressstrain behaviour of granular materials under
cyclic and transient loading,
(2) consolidate the experimental data in order
to define a characteristic stress domain where
the resultant effect of load cycling is contractancy,
(3) suggest development of parameters for use in
analytical and numerical models, and
(4) guide and interpret reduced model tests.
Extensive laboratory tests using the axisymmetric triaxial apparatus on various sands :
Fontainebleau sand, Loire sand, carbonate Channa
sand (Luong 1980, 1981), carbonate marine sediments (Nauroy et Le Tirant 1981) and Hostun sand
(Thanapoulos 1980) substantiate the different
rheological properties claimed by the characteristic state concept :
. The essential parameter for studying the
mechanical behaviour of cohesionless soils is
the generation of volumetric strains during loading stages. The friction angle ~c is an intrinsic factor characterizing the interlocking capacity of grain structure in drained tests and the
average mobilized friction angle under undrained
conditions.
. The characteristic concept is explained and
quite simply formulated on the basis of ordinary
laboratory loading paths in the (p,q) plane. It
can be defined by the existence of a dilatancy
loop after unloading if the characteristic thre~
hold is reached.

Uneer either undrained or constant volume conditions, the subcharacteristic region includes
all possible effective loading points. As soon
as this point reaches and crosses the characteristic line, it tends to parallel the CL line
in the surcharacteristic domain. The length of
the section followed determines the degree of
memory-loss of preceding loading history, relo~
ding being related to a new initial state.
. This concept becomes all important in the
domain of cyclic loadings, facilitating the
definition of a region of contracting behaviour
for granular soils.
. A quite simple criterion of liquefiability is
evident : the effective loading point reaches
the origin of the (p,q) diagram (liquid behaviour for saturated sand) only for cases of
alternated deviatoric stress loading on both
sides of q = o .
. The salient features of granular soil behaviour under cyclic loading studied utilizing
the conventional triaxial apparatus are easily
interpreted within the framework of the characteristic state.
REFERENCES
LUONG,M.P. (1980), "Ph~nom~nes cycliques dans
les sols pulv~rulents", Revue Fran~aise de
G~otechnique n° 10, Paris.
LUONG,M.P. (1981), "Sols pulvArulents sous cha~
gements dynamique, cyclique et transitoire",
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Fig.1- Diverse cyclic behaviours of cohesionless soils readily obtained from the
conventional axisymmetric triaxial
ap!'aratus.

CL
q

hardening

CL
q

(u=Ol
(u>Ol

Accommodation

Liquefaction
saturated sand

0

--~Ad

0

.

a!'tat~on

p, p'
Subcharacteristic domain

p

Surcharacteristic
region

domain

region
Sand under undrained condition
Dry sand or under drained condition

987

AUTHOR Is REPLY

sugccsted basin~ the r2tio of the nBount of
clay particles t < 0. 005 mm) to the silt
particles ( 0.05-0.005 mm).

Closure by S.G. Zhou

3. Up to nm·r, the ca[.;e records in the silty
so..r.d are still not very much, and further field
anc1 lnboratory tc[.;ta sho,.lld be co.rried on.
1. The author's er:1pcrical forrmla for
evaluating the liquefaction potcr.tio.l of sund b~'
CPI' has been furtber confirr~ecl by t~c tests in
the follmdne earthquake areas:

(I) Bohni earthquake (June 18~ 1969; i1.=7.~;
epicentre, east loncitude 119 42', north
latitude 38' 12'; depth of seismic focu::; 35 k!'l).
(II) Xingtai eo.rthquo.l';:e (r.To.rch e, 1 qr;r:, 3'7=6.8;
epicentre, 114'55'E, 37'21'K; -March 22, 1966;
M=7.2; epicentre, 115'03'E, 37.21'K; depth of
seismic focus 25 km).
(III) Yangjiane earthquake (June 26, 1969; I·'!.=
6.4; epicentre, 111.45'Et 21.45'N; depth of
seismic focus about 5 kmJ.
The results of above-I:lcntioned tests nrc
concluded and listed in the table.

Intensity of
earthquake

I

VII

I

\

VIII

IX
-

·----

I

Situation of
the sand
Number of
tests

_________ ___
Failed in
evaluation

..

Liquefied

Unliquefied

18

10

--· --·.

·--··

1

Liquc- runlifierl
i quefied
. --

I

16

3

·-·--·-··

2

It is sho~rn that the author's empcrical
formula is suitable for cv::.luating the liquefaction potential of clean .S[mu. The four
test~>, which were fc.iled in evaluation, were
carried out in the unliquefied districts of
which two locations arc silt~' s::md ~ri t:C. high
content of fine:J. Therefore, tl:e o..uthor' s
method should not be used for such silty so.ntl
without correction.
2. During TanG:1han earthquake, sevm·e
liquefaction phenomena lvcrc a18o appcm·c;rl in
Tianjin area, and most of Nhich ~·rcrc occured in
the silty sand layer. Tho Third Raillvay Dc::Jign
Institute has carried out a lot of Cl"'.r an<l
lnborrttory soil tests. It 1ms also shovn that
the author's method used in silty snncl. should
be corrected in accordance ui th the m::ount of
fines. They have suggested an modified method
for Tianjin area in lvhlch the co1·rcctions were

0

X

2

I,iquefied

14
--0

Liquefied

16
---

0
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Closure by Yoshiaki Yoshirni.

Closure by M. K. Yegian and B. M. Vitelli.

The discusser essentially agrees with our
paper and goes on discussing the SPT on a very
broad basis which is outside the scope of our
paper. After deliberations Tokirnatsu and I have
decided that we would not be able to prepare a
meaningful reply to the discussion.

Mr. Z.Q. Wang's interest in our naper presenting an empirical approach to liquefaction
analysis is appreciated.
In answer to Mr.
Wang's co~ments regarding Standard Penetration
Test data, reference is ~ade to the results of
investigations by Koizumi (1964). Koizumi
demonstrated that SPT values in sand change as
a result of earthquake-induced excitation.
He
introduced the concept of critical SPT value,
later used to define the extent of the liquefied sand layer at various sites in Japan.

Closure by Fusao Oka.
I would like to reply to comments by discusser
Pedro A. De Alba briefly. Generally, it is
difficult to accurately determine the soil
parameters of undisturbed soil samples,
required to complete the proposed constitutive
equations. The samples are always suffered
some disturbance due to sampling technique and
testing method. At least, it is necessary that
the soil sampleshave to be put back into the
insitu original stress state. But, it is
basically possible to determine the parameters
M1, M~, K, A and G' from the triaxial test
results.
M~ and M* and G' are considered to be a function
or relat~ve density. G' is also a function of
O.C.R.(see Oka&Washizu 1981). The consolidation
parameter K has a great effect on the pore
water pressure build-up during the earthquakes.
The decrease in K causes the increase in excess
pore water • The variation of the value of
permeability coefficient k also influences the
liquefaction of the layers near the surface due
to the upward seepage flow. The more general
parametric study will be published in the future.

The proposed liquefaction model can predict the
dissipation of pore water pressure after the
earthquakes has stopped. The dissipation of
pore water pressure is estimated by introducing
the Darcy's type interaction between the pore
water and soil skelton. The authors agree with
the results by Seed et al. (1975). The calculation was not carried out beyond lOsec or 16 sec,
because the time reqired for computaion becomes
too large. But, the layers near the surface may
be liquefied after an earthquake due to upward
flow as the pore water pressure dissipates.
The post failure stress-strain relationship is
introduced as a restiction for numerical calculation, The effect of limiting strain potential
(or cyclic mobility) can be described by the
proposed elasto-plastic constitutive model. If
we attempt to include these effects in the
analysis, the new assumption about the stress
path after failure has to be introduced.
The authors accurately assume that the horizontal deformation gradient(strain) is zero(see
Eq.(l9)), but does not assume that the particle
velocity in the horizontal direction is zero.
Therefore, this assumption is compatible with
the horizontal input shear motion at assumed
at the base. To remove a cause of misunderstanding, the assumption has to be called "horizontal
deformation gradient confined condition".

The majority of SPT values for the case histories used in our investigations corresponded to
data collected prior to earthquake shaking.
Variability and uncertainties in SPT data due
to the test procedure itself, as well as to
earthquake occurrence prior to or following
the collection of data, are recognized and
acknowledged.
It is in part for this reason
that we have recommended that liquefaction
analysis be made in a probabilistic manner,
accounting for the various uncertainties
present in both the analytical procedure and
the parameters used.

Closure by R.O. Davis and J. B. Berrill.

We wish to thank Dr. De Alba for his interest in our
paper, but to disagree with his conclusion. De Alba
bases his argument on an examination of distances at
which liquefaction would occur in an earthquake of a
given magnitude. In particular, he examines the ratio
between maximum distances at which liquefaction is predicted by our model for earthquakes of M = 8.25 and
M = 6.0 respectively, and states that the value of 49
given by the model for this ratio does not agree with
observed earthquake behaviour. We cannot accept this
statement. On the contrary, this prediction agrees
remarkably well with observed data. For example, the
ratio 49 is very close to the value of 54 predicted
by the expression:
r

max

=

0.77 M -0.60

(1)

found by Kuribayashi and Tatsuoka (1975) from a large
set of Japanese liquefaction data.
(Here, r
is the
epicentral distance to the farthest point ofmf~quefac
tion for magnitude M).
Finally, material attenuation is not completely
neglected in our model.
Its average effect is reflected in the value of the constant denominator of the
function, y. Frequency-dependent material attenuation
has been included in a subsequent model not yet published, and while it does improve the fit of the model
to historical data, its effect is by no means critical.
Reference:
Kuribayashi, E. and Tatsuoka, F. (1975), "Brief
Review of Liquefaction During Earthquakes in
Japan", Soils and Foundations, (15)4, 81-92.
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Moderator's Answers to Discussions.
I agree with Roe, DeAlba and Celikkol that
both shear and compression wave velocities have
a role to play in liquefaction studies, for the
reasons given in the Moderator's report.

The preliminary data presented in his discussion by Douglas, on identification of soil
types by CPT, look promising, both for liquefaction and for general geotechnical engineering
purposes.
As noted by him, more research is
needed on the relation between liquefaction resistance and the location of the soil in the
Cone Resistance-Friction Ratio plot.

Closure by Pedro DeAlba
We are grateful to the moderator for
classifying our report to this conference among
new field methods.
The compression-wave work
presented is, however, a first-stage in the
development of a field method for liquefactionpotential evaluation involving both shear and
compression waves. We are currently completing
our shear-wave work on Dover 40-50 sand.
The
results show that the most sensitive indicators
of Iiquefaction potential involve both shear and
compression wave propagation characteristics;
in particular the ratio of compression wave
velocity to shear wave velocity seems very
promising.

